Abstract Among the R2R3 MYB transcription factors that involve in the regulation of secondary cell wall formation in Arabidopsis, MYB46 alone is sufficient to induce the entire secondary cell wall biosynthesis program. PtrMYB021, the poplar homolog of MYB46, has been reported to regulate secondary cell wall formation when expressed in Arabidopsis. We report here that spatially and temporally restricted expression of PtrMYB021 is critical for its function in regulating secondary cell wall formation. By using quantitative RT-PCR, we found that PtrMYB021 was expressed primarily in xylem tissues. When expressed in Arabidopsis under the control of PtrCesA8, but not the 35S promoter, PtrMYB021 increased secondary cell wall thickness, which is likely caused by increased lignification as well as changes in cell wall carbohydrate composition. In consistent with this, elevated expression of lignin and cellulose biosynthetic genes were observed in the transgenic plants. When expressed in Arabidopsis protoplasts as fusion proteins to the Gal4 DNA binding domain, PtrMYB021 activated the reporter gene Gal4-GUS. In summary, our results suggest that PtrMYB021 is a transcriptional activator, and spatially and temporally restricted expression of PtrMYB021 in Arabidopsis regulates secondary cell wall formation by activating a subset of secondary cell wall biosynthesis genes.
Introduction
In response to a variety of drivers, including energy security, rural development, and environmental concerns, biorefinery research has become a near-global effort (Ragauskas et al. 2014) . With growing interests in the use of lignocellulose as a source of biomass for bioenergy, insight into the regulation of secondary cell wall formation will help guide genetic improvement strategies for energy crops, including poplar (Demura and Ye 2010) . However, considering that the process of generating transgenic poplar plants is costly and time consuming, it is necessary to identify and narrow down the numbers of candidate genes that may be used for genetic improvement of poplar to make it an improved feedstock for biofuels. Identification of homologues based on amino acid sequence similarity and examining their function in model plant Arabidopsis has been proved to be an efficient way to identify functional candidate genes.
In Arabidopsis, secondary cell wall formation is controlled by a transcription factor network. In the network, several NAC domain transcription factors, including SECONDARY WALL-ASSOCIATED NAC DOMAIN PROTEIN1 (SND1) (Zhong et al. 2006) , NAC SECONDARY WALL THICKENING PROMOTING FACTOR1 (NST1), NST2 (Mitsuda et al. 2007 ), VASCULAR-RELATED NAC DOMAIN6 (VND6) and VND7 (Ohashi-Ito et al. 2010 ) function as master regulators, they can directly activate the expression of secondary wall specific biosynthetic genes, thus are capable of modulating the entire biosynthetic pathways of the secondary wall components including cellulose, xylan and lignin (Zhong et al. 2008 (Zhong et al. , 2010 Ohashi-Ito et al. 2010; Yamaguchi et al. 2011) . The master regulators can also activate the expression of several downstream transcription factor genes, the downstream transcription factors, in turn, regulate secondary cell wall formation by directly regulate secondary cell wall ORIGINAL ARTICLE *Corresponding author; Shucai Wang Tel : +86-431-85099552 E-mail : wangsc550@nenu.edu.cn biosynthetic genes (Zhong et al. , 2008 McCarthy et al. 2009; Zhong et al. 2010; Yamaguchi et al. 2011) .
So far, most of the identified downstream transcription factor genes including MYB20, MYB42, MYB43, MYB46, MYB52, MYB54, MYB58, MYB63, MYB85 and MYB103 encode R2R3 MYB transcription factors (Zhong et al. , 2008 McCarthy et al. 2009; Zhong et al. 2010; Yamaguchi et al. 2011 ). MYB75 has also been shown to regulate secondary cell wall formation by interacting with KNAT7 (Bhargava et al. 2010 (Bhargava et al. , 2013 , but it is unclear if its expression is regulated by NAC domain master switch transcription factors.
Available evidence supports that R2R3 MYB transcription factors may also involved in the regulation of secondary cell walls formation in poplar. For example, a few poplar MYB genes have been shown to be highly expressed during secondary vascular tissue formation (Karpinska et al. 2004; Wang et al. 2009 ), in particular, PtxtMYB21, a R2R3 MYB gene from hybrid poplar has been shown to be expressed primarily in xylem tissues (Winzell et al. 2010 ) and PtrMYB003 and PtrMYB020, two R2R3 MYB transcription factors from Populus trichocarpa activated the biosynthetic pathways for cellulose, xylan and lignin when expressed in Arabidopsis (McCarthy et al. 2010) . Considering that more than ten R2R3 MYB transcription factors in Arabidopsis have been shown to be involved in the regulation of secondary cell wall formation, and there are 126 genes in Arabidopsis encoding R2R3 MYB transcription factors (Strackeet al. 2001; Dubos et al. 2010) , while the number in poplar is 192 (Wilkins et al. 2009) , it is likely that the poplar R2R3 MYB transcription factors involved in the regulation of secondary cell wall formation remain largely unidentified.
In an attempt to identify poplar homologues of Arabidopsis R2R3 MYB transcription factors and investigate their functions in secondary cell wall biosynthesis, we BLASTed the poplar protein database (www.phytozome.net) using entire amino acid sequences of five Arabidopsis R2R3 MYB transcription factors including MYB20, MYB43, MYB46, MYB58 and MYB63 (Wang et al. 2014) . MYB46 was chosen because it has been shown to be a direct target of the master switch transcription factors SND1, NST1, NST2, VND6 and VND7, and alone it is sufficient to induce the entire secondary cell wall biosynthesis program (Zhong et al. , 2008 Ko et al. 2009 ); MYB58 and its paralog MYB63 specifically activate lignin biosynthesis genes during secondary cell wall formation (Zhou et al. 2009 ); while MYB43 and its paralog MYB20 are developmentally associated with cells undergoing secondary wall development (Ehlting et al. 2005; Zhong et al. 2008 ), but are not direct targets of NAC domain master switch transcription factors (Zhong et al. 2010) .
Based on their predicted amino acid sequence similarities to their Arabidopsis homologues, five poplar R2R3 MYB transcription factors including PtrMYB018, PtrMYB021, PtrMYB028, PtrMYB152 and PtrMYB192 were identified (Wang et al. 2014) . Phylogenetic analysis showed that PtrMYB018 and PtrMYB152 are paralogs and are closely related to MYB43; PtrMYB028 and PtrMYB192 are paralogs and are closely related to MYB58 and MYB63 paralogs, and PtrMYB021 is closely related to MYB46 (McCarthy et al. 2010; Winzell et al. 2010; Wang et al. 2014) .
Among the five poplar R2R3 MYB genes, only PtrMYB152 is not induced by NAC domain master switch transcription factor PtrWND2B in poplar (Zhong et al. 2011) . By generating transgenic Arabidopsis, we have shown that PtrMYB152 regulates secondary cell wall formation when expressed in Arabidopsis under the control of either the 35S or PtrCesA8 promoters (Wang et al. 2014 ). PtrMYB021 has also been shown to regulate secondary cell wall formation in Arabidopsis when expressed under the control of the 35S promoter (Zhong et al. 2013) , however, we found that spatially and temporally restricted expression of PtrMYB021 is critical for its function in regulating secondary cell wall formation in Arabidopsis.
Results

PtrMYB021 is Expressed Primarily in Poplar Xylem Tissues
Our previously BLAST search of poplar protein database (www.phytozome.net) using entire amino acid sequences of MYB46 identified PtrMYB021 as the poplar homologue of the Arabidopsis MYB46 (Wang et al. 2014) . Phylogenetic analysis also showed that PtrMYB021 is closely related to MYB46 (McCarthy et al. 2010; Winzell et al. 2010; Wang et al. 2014) . Amino acid alignment showed that the most conserved region in PtrMYB021 and MYB46 is the Nterminal R2R3 MYB domain (Fig. 1A) .
PtxtMYB21, an ortholog of Arabidopsis MYB46 has been shown to be expressed primarily in xylem tissues (Winzell et al. 2010 ). PtrMYB021 has also been shown to be induced by NAC domain transcription factor PtrWND2B in poplar (Zhong et al. 2011) , and expression of PtrMYB021 under the control of the 35S promoter affected secondary cell wall formation in Arabidopsis (Zhong et al. 2013) . Consistent with this observation, quantitative RT-PCR results showed that PtrMYB021 was expressed primarily in xylem tissues, i.e., its expression level in xylem was more than 30 times higher than that in young petioles, while its expression in all other organs and tissues ranged from 0.3 -3 folds of that in young petioles (Fig. 1B) .
Expression of PtrMYB021 under the Control of PtrCesA8, But Not the 35S Promoter Affected Growth and Secondary
Cell Wall Development
Having shown that PtrMYB021 was expressed primarily in xylem tissues (Fig. 1B) , we wanted to further investigate its roles in secondary cell wall formation by heterologously expressing PtrMYB021 in Arabidopsis wild-type plants. Previously we have shown that PtrCesA8:GUS in transgenic Arabidopsis plants was mainly expressed in the veins of cotyledons, rosette leaves, and hypocotyls, the stele of roots, and vascular bundles and interfascicular fibers of inflorescence stems (Wang et al. 2014) , whereas 35S:GUS in the transgenic Arabidopsis seedlings was expressed in all part of the plants ( Fig. 2A) , indicting that PtrCesA8, but not the 35S promoter restricted gene expression in a spatial and temporal manner, so we decided to use PtrCesA8 promoter to drive the expression of PtrMYB021 in developing xylem.
PtrCesA8:PtrMYB021 construct was transformed into Arabidopsis wild-type plants to generate transgenic plants.
As a control, we also generated transgenic plants under the control of the 35S promoter. Multiple transgenic lines for each of the two constructs were obtained. For each of the constructs, five lines with confirmed expression of PtrMYB021 were used to examine secondary cell wall phenotypes.
Cross sections were taken from the bases of the inflorescence stems from transgenic plants and control wild-type plants at principal growth stage 6.10 (Boyes et al. 2001) , to ensure that the stems were in similar developmental stage. Crosssections were stained with toluidine blue to assess secondary cell wall thickness and morphology. Results showed that only transgenic lines expressing PtrCesA8:PtrMYB021 had interfascicular fibers with significantly thicker cell walls when compared with wild-type (Fig. 2B) , suggesting that spatially and temporally restricted expression, rather than ectopically expression of PtrMYB021 affected secondary cell wall formation in the transgenic plants. Thus further assays of the roles of PtrMYB021 on secondary cell wall formation were focused on PtrCesA8:PtrMYB021 transgenic lines. In order to get a more detailed view of the effects of PtrMYB021 on secondary cell wall biosynthesis, we examined sections taken from the bases inflorescence stems of PtrCESA8:PtrMYB021 transgenic lines and wild-type plants at principal growth stage 6.10 (Boyes et al. 2001) , by using transmission electron microscopy (TEM). We found that secondary cell walls of all the vessels, interfascicular fibers and xylary fibers were thicker in the transgenic plants when compared with wild type plants (Fig.  3A) . Qualitative measurement revolves a ~2-fold increase in wall thickness in vessel, interfascicular fiber and xylary fiber secondary cells (Fig. 3B) .
Cross sections taken from the bases inflorescence stems of PtrCESA8:PtrMYB021 transgenic lines and wild-type plants at principal growth stage 6.10 (Boyes et al. 2001) were also stained with phloroglucinol to visualize lignin deposition. As shown in Fig. 4 , more intense phloroglucinol staining was observed in sections from the PtrCESA8:PtrMYB021 transgenic lines, suggesting an increase in lignin content in the transgenic plants.
Effects of PtrMYB021 on Secondary Cell Wall Biosynthetic Gene Expression
Since the observation described above showed that PtrCesA8: PtrMYB021 transgenic lines exhibited altered cell wall properties (Fig. 2B, Fig. 3, Fig. 4) , we then examined the expression of secondary cell wall biosynthetic genes in transgenic lines. Previously we used pooled seedlings from three independent transgenic lines and have identified several secondary cell wall biosynthetic genes that may be directly activated by PtrMYB152 (Wang et al. 2014 ). So we did a similar assay for PtrCesA8:PtrMYB021 transgenic plants, and a ~2-fold increased expression of several lignin biosynthetic genes including HCT, CCoAOMT1, CCR1, COMT and CAD6 was observed in the transgenic lines ( 5A).We also found that the cellulose synthesis genes CesA4/ IRX5, CesA7 and CesA8 that play roles in secondary cell wall biosynthesis (Taylor et al. 2004) were strongly up-regulatd in PtrCesA8:PtrMYB021, and the expression of the xylan synthesis genes IRX8 and FRA8 (Peña et al. 2007; Persson et al. 2007 ) was also up-regulated in the transgenic lines (Fig.  5B) . On the other hand, the expression of ATHB8, a HD-Zip protein encoding gene that promotes the production of xylem tissue in Arabidopsis (Baima et al. 2001) , was not altered in the transgenic plants (Fig. 5B ).
PtrMYB021 is a Transcriptional Activator
Among the five poplar R2R3 MYB transcription factors identified, we have shown that PtrMYB028, PtrMYB152 and PtrMYB192 function as transcriptional activators in a protoplast transient transfection assay system (Liu et al. 2013; Wang et al. 2014) . Since elevated expression of a subset of secondary cell wall biosynthesis genes was observed in PtrCesA8:PtrMYB021 transgenic plants (Fig. 5) , we examined if PtrMYB021 functions as transcriptional activator by using protoplast transfection assays.
PtrMYB021 was fused to an N-terminal GAL4 DNA binding domain (GD), and co-transfected with the GAL4-GUS reporter gene into protoplasts. GD alone was cotransfected with the reporter gene as a control. As shown in Fig. 6 , co-transfection with GD alone had little, if any effect on the reporter gene expression, while co-transfection with GD-PtrMYB021 resulted in the activation of the reporter gene. These results suggest that PtrMYB021 functions as a transcriptional activator.
Discussion
Secondary cell wall biosynthesis in Arabidopsis is controlled by a transcription factor network, in which closely related NAC domain transcription factors, including SND1, NST1, NST2, VND6 and VND7 function as master regulators. These master regulators both directly target transcriptional activation of cell wall biosynthetic genes (Zhong et al. 2008 (Zhong et al. , 2010 Ohashi-Ito et al. 2010; Yamaguchi et al. 2011) , and activate the expression of downstream transcription factor genes including those of the MYB class, in an apparent feed forward mechanism (Zhong et al. , 2008 McCarthy et al. 2009; Zhong et al. 2010; Yamaguchi et al. 2011) . By searching for poplar homologues of the five Arabidopsis R2R3 MYBs that are known to exist in this network, we identified five poplar MYBs including PtrMYB018, PtrMYB021, PtrMYB028, PtrMYB152 and PtrMYB192, and we have shown that PtrMYB152 regulates secondary cell wall Expression of secondary cell wall-associated cellulose synthase genes and xylan biosynthetic genes. RNA was isolated from 7-d old seedling of wild-type and transgenic plants. qRT-PCR was used to detect the expression of related genes. ACTIN2 was used as inner control and expression of each gene in wild-type was set as 1. Fig. 6 . PtrMYB021 is a transcriptional activator. Protoplasts were isolated from Arabidopsis rosette leaves. Effectors and reporter (diagrammed on the top of the Fig.) plasmids were co-transfected into protoplasts, the protoplasts were incubated in darkness for 20-22h before GUS activity was assayed.
formation when expressed in Arabidopsis under the control of either the 35S or PtrCesA8 promoters (Wang et al. 2014) . The other four poplar MYB genes have been shown to be regulated by PtrWND2B (Wang et al. 2009 ), however, their functions in the regulation of secondary cell wall formation remain largely uncharacterized.
Our results showed that profiling the expression of PtrMYB021 in multiple poplar organs and tissues indicated that PtrMYB021 was preferentially expressed in developing secondary xylem (Fig. 1B) . Consistent with this, expression of PtrMYB021 under the control of PtrCesA8 promoter, but not the 35S promoter strongly modulated secondary cell wall biosynthesis in Arabidopsis (Fig. 2B) , suggesting that spatially and temporally restricted expression of PtrMYB021 is critical for its proper functions in regulating secondary cell wall formation.
PtrMYB021 has been suggested to play a role in regulating secondary cell wall formation based on its phylogenetic relatedness to Arabidopsis MYB46, and its ability to activate the expression of genes encoding xylan-active CAZymes containing AC cis-acting promoter elements (Winzell et al. 2010) . Our data lend further support to the role of PtrMYB021 as a MYB46 ortholog. In addition to the activation of Gal4-GUS reporter gene in a protoplast transient express system when recruited to the promoter region of the reporter gene via a fused GD domain (Fig. 6) , and the dramatic increase in secondary cell wall thickness and increases in lignin and cell wall sugar in PtrCesA:PtrMYB021 transgenic Arabidopsis plants (Fig. 3, Fig.  4 ), PtrMYB021 was unique among the poplar MYB transcription factors examined so far, as it displayed the capacity to activate lignin, secondary cellulose synthase, and hemicellulose biosynthetic genes (Fig. 5) , a characteristic similar to that of MYB46 Zhou et al. 2009 ).
PtrMYB021's ability to affect secondary cell wall biosynthesis, when expressed in Arabidopsis under the control of the PtrCesA8 promoter, identified important regulators of secondary wall biosynthesis in poplar and supports the current hypothesis that Arabidopsis, poplar, and other plants use similar, evolutionarily conserved mechanisms to regulate secondary cell wall biosynthesis (Zhong et al. 2010; 2010b; Zhao et al. 2011; Wang et al., 2014) . The finding that spatially and temporally restricted expression of PtrMYB021 regulates secondary cell wall formation in Arabidopsis provides new tools for understanding and manipulating wood formation in poplar and other tree species.
Materials and Methods
Plant Materials and Growth Conditions
Populus trichocarpa (poplar) and Arabidopsis thaliana (Arabidopsis) ecotype Columbia (Col-0) were used in this study.
Poplar organs and tissues were collected as described previously (Liu et al. 2013; Wang et al. 2014) , and used for PtrMYB021 gene cloning and expression assays. For plant transformation and phenotypic analysis, Arabidopsis seeds were directly sown into soil and kept in a growth chamber. For RNA isolation from seedlings, seeds were sterilized and sown on plates containing ½ MS (Murashige & Skoog) medium with vitamins (PlantMedia). The plates were kept at 4°C in darkness for 2 d and then moved into a growth chamber. All Arabidopsis plants were grown at 22°C, with a 14h light/10h darkness photoperiod at approximately 120 µmol m
RNA isolation, RT-PCR and quantitative RT-PCR (qRT-PCR)
Total RNA from poplar tissues was isolated as described previously (Geraldes et al. 2011; Liu et al. 2013; Wang et al. 2014) . Total RNA from Arabidopsis was isolated using RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions, and then treated with RNase-Free DNase set to remove DNA contamination. For each of the poplar and Arabidopsis samples, three different pools of tissues were collected, and analyzed independently as biological replicates.
cDNA was synthesized using the Omniscript RT Kit (Qiagen) according to the manufacturer's instructions. Arabidopsis gene ACTIN2 (ACT2) and poplar gene C672 were used as controls for RT-PCR or quantitative RT-PCR (qRT-PCR). Gene primers used for PtrMYB021 gene expression analysis were 5'-GAATCTGCAG-TCATCCAACG-3' and 5'-GGAGGTTGCTAACGATGACG-3'. Primers for qRT-PCR analysis of cell wall biosynthesis genes expression in Arabidopsis have been described by Li et al. (2011) and Zhou et al. (2009) .
Constructs
To generate HA tagged constructs for PtrMYB021 for plant transformation, the full-length open-reading frame (ORF) of PtrMYB021 was amplified by RT-PCR using RNA isolated from the poplar developing xylem, and the PCR products were cloned in frame with an N-terminal HA tag into the pUC19 vector under the control of either the double 35S enhancer promoter of CaMV (Tiwari et al. 2003; Wang et al. 2005) or the PtrCesA8 promoter (Wang et al. 2014 ). The corresponding constructs were then digested with EcoRI, and subcloned into the binary vector pPZP211 (Hajdukiewicz et al. 1994) .
To generate GD tagged construct for PtrMYB021 for protoplast transfection assays, RT-PCR applied full-length ORF of PtrMYB021 was cloned in frame with an N-terminal GD tag into the pUC19 vector under the control of the 35S promoter (Tiwari et al. 2003; Wang et al. 2005) .
Plant Transformation and Transgenic Plants Identification
About 5-week-old plants with several mature flowers on the main inflorescence were used for plant transformation via Agrobacterium tumefaciens (GV3101) using the floral dip method (Clough and Bent 1998) . Transgenic plants were selected on 1/2 MS plates containing 50 µg/ml kanamycin. Phenotypes of transgenic plants were examined in the T1 generation, and confirmed in T2 to T4 generations. For all transgenic plants, at least 5 transgenic lines with similar phenotypes were obtained, and the expression of PtrMYB021 in related transgenic lines was examined by RT-PCR.
Plasmid DNA Isolation, Protoplast Transfection and GUS Activity Assay Reporter and effector plasmids were prepared using the EndoFree Plasmid Maxi Kit (Qiagen) according to the manufacturer's instructions.
Protoplasts isolation, transfection and GUS activity assays were performed by following the procedures described previously (Wang et al. 2005; Tiwari et al. 2006; Wang and Chen 2008; Wang et al. 2011 Wang et al. , 2015 .
Microscopy
Primary stems were collected from soil grown plants at principal growth stage 6.10 (Boyes et al. 2001) , and sections ~ 2 cm away from the bases of the stems were stained either in aqueous 0.02% toluidine blue O (Sigma-Aldrich, St. Louis, MO, USA) or in phloroglucinol (saturated solution in 2 M HCI), and viewed immediately under an Olympus AX70 light microscope. Tissue embedding and light and transmission electron microscopy (Olympus Corp., Tokyo, Japan) (TEM) have been described previously (Li et al. 2011 ). Photos were taken under an Olympus AX70 light microscope or a Hitachi H7600 PC-TEM (Hitachi Ltd., Tokyo, Japan). Cell wall thickness was measured from TEM micrographs using ImageJ software (http:// rsb.info.nih.gov/ij/index.html, Maryland, USA). For each genotype, at least 50 separate cells at standardized positions were measured. The wall thickness was subjected to statistical analysis using the Student's t test (http://www.graphpad.com/quickcalcs/ttest1.cfm).
GUS staining
5-bromo-4-chloro-3-indolyl-b-Dglucuronide (X-Gluc; Rose-Scientific Ltd, Edmonton, Alberta, Canada) was used for the staining of GUS activity in 7-day-old seedlings.
